ABSTRACT Multiphase machines have attracted significant attention in both academic and industrial sectors as candidates for high-power safety-critical applications as well as wind energy conversion systems. Undoubtedly, this interest has been fueled by the rapid development in semiconductor devices. Due to the lack of available standard stator frames suitable for constructing multiphase machines of any phase order, machines with multiple three-phase winding sets seem to be the standard topology in many industrial applications. Recent literature has demonstrated a simple generalized technique to rewind a standard three-phase stator frame with a generic prime-phase order stator winding. However, based on the selected slot/pole combination, this technique yields a small unbalance component in the stator phase currents due to the stator leakage inductance mismatch among different phases. This paper further investigates the optimal slot/pole choices, for a given phase-order, that minimize the unbalance in the stator leakage components between phases to ensure comparable performance to standard symmetrical n-phase machines. The analysis is presented for the well-known phase orders employed in literature, namely, 5-phase, 7-phase, and 11-phase windings. The effect of winding asymmetry on mathematical modeling and, hence, the dynamic response is also investigated. A 1 kW prototype machine equipped with a five-phase winding is used to experimentally verify the theoretical findings.
INDEX TERMS Multiphase machine, induction motor, three-phase, five-phase, seven-phase, eleven-phase, star of slots, leakage inductance calculation, multilayer winding. The past decade has witnessed extensive academic interest in multiphase machines and drive systems for different industrial applications [1] . The interest in these high phase order systems arguably represents a promising opportunity to meet the stringent standards of certain safety-critical applications [1] [2] [3] [4] [5] [6] [7] [8] . The selection of an optimum number of phases remains a questionable choice that not only entails several cost/complexity tradeoffs but also is, in fact, an applicationdependent parameter [1] . Although the employment of multiphase machines in industrial applications may have started a few decades ago, the six-phase machines have since solely been prevailing in most applications [9] [10] [11] . That was mainly dictated by different practical and technological constraints at this early stage of development. Early key papers in multiphase machines actually did not recommend the use of a prime number of phases due to these constraints [12] . More recent literature, however, demonstrated that machines with a prime number of phases, including five- [4] , [13] , seven- [14] , [15] , or eleven-phase [16] , potentially offer numerous attractive merits over machines with multiple three-phase windings. This includes better torque density through harmonic injection without additional hardware components [16] , [17] , the feasibility to employ single layer windings while preserving a high quality of flux distribution [18] , and the relatively better fault-tolerant capability [19] . Nevertheless, it is fair to acknowledge that industry is still reluctant to adopt this technology, and machines with multiple three-phase winding sets seem to be the favored option in many industrial sectors since the well-established three-phase technology and, therefore, the readily off-theshelf three-phase converters can still be utilized. Additionally, stators with multiple three-phase winding sets can, in most cases, be constructed using standard three-phase stator frames without many constraints. As a matter of fact, all available stator frames provided by most electric motor manufacturers are still limited to standard three-phase designs. Therefore, building a stator frame with a number of slots different from these standard frames will certainly be a higher cost custom task, especially for high power designs.
NOMENCLATURE
The work done in [20] introduced a simple and generalized technique to construct a prime-phase order multiphase winding using standard three-phase stator frames. The presented winding layout was based on the Star of Slots (SoS) theory [21] combined with the concept of stator winding shifting [22] to design the number of turns of the seriesconnected coils belonging to each phase that not only ensures a zero backward MMF component, but also results in a highquality flux distribution. Additionally, the total number of turns per phase is the same for all phases to ensure equal stator resistance for all phases. The proposed layout in [20] was introduced for the five-, seven-, and eleven-phase orders. By taking an existing three-phase stator frame as a benchmark, a better flux distribution at a higher fundamental flux component was achieved for the same copper volume with these proposed winding layouts. Interestingly, the given layouts can also enhance the machine torque density for a certain core volume; the gain in the fundamental torque producing flux component increases with the adopted phase order. The concept of harmonic injection was also proven to be applicable since machine torque/current gain was comparable to conventional symmetrical n-phase windings of the same phase-order.
On the other hand, this winding layout resembles a more complicated stator structure than standard winding layouts. Being structurally based on series-connected coils with a different number of turns, this winding layout was shown to yield a small secondary sequence current component due to the difference in the leakage stator inductances of different phases. Therefore, it was concluded in [20] that the presented solution represents a compromise, rather than an optimum solution to make use of the available stator frames in constructing prime-phase order multiphase machines. Moreover, the solution was presented as a means to bridge the gap in multiphase drive systems research, since it enables interested researchers to access the required technology platform with minimal barriers.
This papers further investigates the concept presented in [20] with an additional major objective to derive a mathematically-verified optimal selection criterion to choose a suitable standard stator frame for a given number of phases. This criterion aims to minimize the effect of the induced secondary current component experienced due to the unavoidable mismatch in the stator leakage inductance of different phases. It will also be mathematically proven that the effect of the small mismatch between the stator leakage inductance of different phases has a minimal/no effect on the machine dynamic performance. The traditional vector space decomposition (VSD) for a symmetrical n-phase winding is proved to successfully decompose the phase variables of this winding layout into decoupled subspaces with small cross-coupling terms depending on the adopted slot/pole combination. A mathematical model to represent this leakage inductance mismatch is also presented.
II. PRIME-PHASE ORDER MULTIPHASE WINDING USING STANDARD THREE-PHASE FRAMES
In [20] , the design steps to rewind a standard three-phase stator frame with any n-phase winding having a prime-phase order are detailed. The concept is simply based on the SoS theory by first assuming a single layer winding, where each phase comprises a number of series-connected coils with a different number of turns, in general, based on the available number of slots. The SoS theory [21] is used to calculate the required number of turns for each coil such that balanced n-phase emf voltages are obtained across all phases. To achieve such a goal, this initial single-layer design will mostly experience a notable diversion between the number of conductors per slot in different stator slots. The stator shifting concept [22] is, therefore, used to minimize this diversion by employing a multilayer winding design. For the sake of winding simplicity, the design criterion given in [20] was constrained to double-layer layouts.
The concept given in [20] was given for the most common number of slots/pole, namely 6, 9, 12, 18 and for a number of phases of 5, 7, and 11. It has been concluded based on Finite Element Analysis (FEA) that the best choice seems to be the one which corresponds to a number of slots close to or higher than the number of slots of a standard n-phase winding. For example, the standard five-phase stator commonly entails 20 slots/pole-pair (with a number of slots/phase/pole q = 2). An 18-slot stator was shown effective to obtain a balanced five-phase winding. Similarly, a standard 2-pole seven-phase winding entails 28 slots (q = 2); the closest standard three-phase frame will have 24 slots. An 18-slot stator, however, yields a notable secondary sequence current component, as explained in [20] . Finally, a 22-slot stator with a concentrated winding can be used to construct an elevenphase stator with a high-quality flux distribution; the closest standard three-phase frame will have 24 slots. Table 1 summarizes the feasible slot/pole values for a different number of phases which yield winding layouts with only two layers while providing high-quality flux distributions and acceptable slot filling factors [20] . Figs. 1-4 show the winding layouts for some important cases, upon which the given analysis in this paper will then be based. VOLUME 7, 2019 
III. COMPARISON WITH STANDARD SYMMETRICAL N-PHASE WINDING
Although the concept presented in [20] generally yields winding layouts having an equal total number of turns and equal stator resistance for all phases, the difference in the number of turns for separate coils comprising each phase will cause a certain degree of asymmetry in the stator impedance of different phases. This is due to the difference in the stator leakage inductance components between the different phases. Hence, in order to verify that these winding layouts can successfully emulate/approximate standard symmetrical n-phase windings, the following points should be mathematically verified:
1. The magnetizing component, and hence the magnetizing inductance, of all phases should be the same for all sequences. 2. The self and mutual components of the stator leakage inductance of different phases should be very close in order to minimize the impedance mismatch between phases. 3. The employment of standard VSD transformation for symmetrical n-phase windings given by (1) to decompose the phase variables of the proposed winding layouts will eventually yield decoupled subspaces. These points are mathematically investigated in the following subsections based on a comparative study with equivalent standard n-phase windings.
[
where α = 2π/n
A. SEQUENCE COMPONENTS OF MAGNETIZING FLUX
It is required in this proof to verify that the winding layouts given in [20] will provide comparable magnetizing flux distribution, and, consequently, sequence flux components, as the standard n-phase winding. This is carried out by investigating the harmonic flux mapping among available subspaces for different phase orders represented by the following cases assuming 2-pole winding layouts: The conventional n-phase cases for the 5, 7, and 11-phase stators are used for benchmarking. A standard 1Hp, 4-pole, 400V, 50Hz, 36-slot standard three-phase machine is used for this comparative study and for experimental verification. The machine rated speed and current are 1320 rpm and 2.1A, respectively. For the same rotor, the required stator designs to accommodate the previous n-phase winding examples are calculated, while the same total number of active conductors is assumed equal for all designs to ensure the same machine total power [23] . The original three-phase machine has a number of conductors per slot equal to 84 conductors with a conductor diameter of 0.56 mm. The total number of turns per phase will be 252 turns. Correspondingly, and for the same rated phase current, the total number of turns per phase will, therefore, be 150, 108, and 69 turns for the five-, seven, and eleven-phase windings, respectively. As explained in [23] , the new phase voltages for these equivalent machines that ensure the same total power will be (3/5) × 230V = 138V , (3/7) ×230V = 98.6V , and (3/11) × 230V = 62.7V for the five-, seven-, and eleven-phase stators, respectively.
Based on these cases, the MMF distributions of different phases are obtained from their corresponding turn functions at a certain time instant assuming a unit stator current magnitude. The sequence components are then determined from the phase MMF distributions by applying the VSD transformation given by (1) . The harmonic spectra of different sequence components are then found for the different cases. FEA is also used to support the theoretical findings.
1) FIVE-PHASE CASE
The winding shown in Fig. 1 is compared with a standard 20-slot single-layer symmetrical five-phase stator winding with q = 2 and the same total number of turns per phase. For this phase order, there are two main subspaces and one zerosequence component. Under star connection, the effect of the zero-sequence component is discarded. The harmonics with order 10k ± 1 are mapped to the fundamental αβ subspace, while those with order 10k ±3 are mapped to the xy secondary subspace. Based on (1), the MMF sequence components are shown in Fig. 5 . Clearly, the harmonic mapping for the proposed and the conventional five-phase winding layouts can be assumed identical, which proves that a complete decoupling, in terms of the magnetizing (torque producing) flux components, can be a fair assumption.
2) SEVEN-PHASE CASE
For this phase order, there are two secondary subspaces, namely, xy 1 and xy 2 . The seven-phase winding layouts shown in Figs. 2 and 3 for the 18-slot/pole-pair and the 24-slot/polepair stators, respectively, are compared with a standard 28-slot seven-phase single-layer winding layout with q = 2. It has been mentioned before that the closer the number of slots to the conventional n-phase case is, the better the MMF distribution is expected to be. The MMF sequence 78242 VOLUME 7, 2019 components of a conventional 7-phase case using a 28-slot/pole pair are given in Fig. 6(a) . By investigating the MMF sequence components of the 18-slot and 24-slot stators shown in Figs. 6(b) and (c), respectively, the latter winding corresponds to a better flux distribution; it highly approximates the standard 28-slot seven-phase stator. On the other hand, the MMF αβ components of the 18-slot/polepair stator are slightly unbalanced, and small coupling between different subspaces will likely take place. This will expectedly yield a notable unbalance in the phase currents. To support this conclusion, FEA is used to simulate the phase currents under rated operation of the 18-slot/polepair and 24-slot/pole-pair stators equipped with the proposed seven-phase winding layouts, and the simulation results are shown in Figs. 7(a) and (b), respectively. Clearly, the 24-slot stator phase currents are closer to the ideal seven-phase case, where all phases should perfectly be balanced.
3) ELEVEN-PHASE CASE
The last considered case has an eleven-phase stator winding. Hence, the MMF harmonics are mapped to five subspaces, namely, αβ, xy 1 , xy 2 , xy 3 , and xy 4 . These subspaces comprise the fundamental, third, fifth, seventh, and ninth space harmonic orders, respectively. As a matter of fact, in multiphase machines, the MMF distribution becomes more sinusoidal as the number of phases increases. Using 22-slot and 24-slot stators for the conventional and the proposed elevenphase winding layouts, respectively, Fig. 8 proves that the conventional, as well as the proposed eleven-phase winding, are quite similar. Very small coupling is obtained for the xy 3 and xy 4 subspaces, while the main effective subspaces (αβ, xy 1 , and xy 2 ) are fairly decoupled. The FEA results for the stator currents under rated conditions are shown in Fig. 9 , which indicates approximately balanced currents. The very small unbalance component is mainly due to the difference in the mutual leakage inductance between phases, as will mathematically be verified later.
In a nutshell, the magnetizing flux distributions and their sequence components of the proposed winding layouts are quite similar to the conventional symmetrical n-phase cases provided that the number of stator slots will be close enough to standard n-phase stators. This proves that the magnetizing flux produced by the proposed winding layouts can be perfectly decomposed using VSD, which allows for the same VSD-based controllers employed in conventional n-phase cases. For the same total number of turns, the machine magnetizing inductances of different subspaces of the conventional and the proposed winding layouts will, therefore, be the same.
B. SEQUENCE COMPONENTS OF STATOR LEAKAGE FLUX
Generally, the stator winding leakage inductance comprises three components, namely, slot, end-coil, and air-gap leakage components. The air-gap leakage component mainly represents the effect of the spatial harmonics of the air gap MMF [24] . Since the harmonic mapping was proven to be the same as the conventional n-phase winding, this leakage inductance term will be similar to the conventional case. The same is also expected for the end-coil inductance since the medium is air with the same permeance. The main concern will, therefore, be with the slot leakage inductance, where the sequence mutual leakage inductance will vary from subspace to another [25] .
For a double layer winding, the total slot leakage flux linkage, λ sl , of each coil comprises three components due to the upper (top), lower (bottom) coil side fluxes, and the mutual flux between them, and can therefore be put in the following form:
where, P t , P b , and P tb are the total slot permeances associated with the top conductors, bottom conductors, and mutual coupling between the two layers, respectively; N ct , N cb are the number of conductors in the upper and lower layers, respectively. The relation between these permeances highly depends on the slot shape [25] .
In the following analysis, the stator leakage inductance matrices are calculated for the same previously considered cases in subsection III.A. For the proposed winding layouts, each slot generally comprises coils with different numbers of turns. In order to simplify the mathematical formulation, the number of conductors comprising each slot is assumed to be equally divided between the two layers. This is carried out by splitting the coil sides having a larger number of turns into two portions such that the number of conductors in both layers will eventually be equal. This will allow the employment of the calculation technique for leakage inductance given in [25] .
1) FIVE-PHASE CASE
For the 18-slot five-phase winding layout given in Fig. 1 , the distribution of the conductors between the two layers can be rearranged, as shown in the layout given in Fig. 10 , VOLUME 7, 2019 FIGURE 9. FE simulation results for the 24-slot eleven-phase stator phase currents. to ensure an equal number of conductors per layer. Based on this distribution of different conductors per slot, the total leakage flux for phase a can be calculated using (2) is given by (3). (3) where N c is the number of conductors per slot for the original three-phase stator.
This can be reduced to;
Similarly, for phase b, the slot leakage flux is given by;
Which can be reduced to:
Following the same concept for phases c, d, and e, the corresponding slot leakage fluxes are given by (7), (8), and (9), respectively.
The stator phase leakage flux vector λ ph ls 
By applying (1) with n = 5, the corresponding sequence components, after discarding the zero-sequence component, are given by,
2 c P tb . It is clear that for each subspace, there is no crosscoupling between its components. Also, the mutual coupling between different subspaces is less than 4%, which may be assumed negligible, with the fact that the contribution of secondary subspaces can merely be neglected [23] . Also, the αβ inductance terms (represented by the red dashed boxes) are very close for the self-leakage inductance term, and with an approximately 8.6% mismatch in the αβ mutual leakage inductances term. Generally, the contribution of the mutual leakage inductance to the total stator leakage inductance depends on the slot design. Similar to the definition made in [25] , the coefficient k mtb , which represents the ratio between the mutual-and self-leakage inductance terms, is defined as follows,
It has been clarified in [25] that the coefficient k mtb varies from 0.25 to 0.35 for open slots, while it may increase up to 0.5 in semi-closed slot shapes. The coefficient k mtb equals zero in single layer windings.
For the sake of comparison with the standard case, the calculated inductance matrix for a 20-slot standard five-phase stator is also given assuming the same total number of conductors. To have a meaningful comparison and to show the effect of the mutual leakage inductance on VSD of phase values, a double layer winding is assumed for the symmetrical five-phase case to show the expected value for the coefficient k mtb in standard five-phase winding having same slot design. The winding is assumed to be chorded with one slot to justify a double layer winding. Following the same previous technique, the leakage phase inductance matrices are 
Clearly, the proposed winding can effectively approximate this ideal five-phase case. However, the coefficient k mtb of the 18-slot five-phase winding seems to be approximately 18% higher. This means that the effect of the mutual leakage inductance will be higher. Nevertheless, this slight increase has nothing to do with the machine dynamic response, while it will likely decrease the maximum pullout torque, a wellknown fact for multiphase machines with a double layer winding [26] , [27] . On the other hand, the effect of the small unbalance in the αβ components of the stator leakage inductance on the machine dynamic response as well as the phase currents magnitude diversion will be shown in a subsequent section.
2) SEVEN-PHASE CASE
The stator winding inductance matrices of the 18-slot and 24-slot stators shown in Figs. 2 and 3 will be compared with a standard 28-slot seven-phase stator.
i) 18-slot stator: The winding layout shown in Fig. 2 can be rearranged, as shown in Fig. 11 , to allow for an equal number of conductors between the upper and the lower layers. Following the VOLUME 7, 2019 same concept, the stator leakage flux vector λ ph ls between different phases can then be written as given by (19) , as shown at the bottom of this page. By applying (1) with n = 7, the corresponding sequence components, are given by (20) , as shown at the bottom of this page. The coefficient k mtb is then calculated as given by (21) . where, l s = 0.3518N
For this slot number, the mutual leakage flux yields a higher coupling between subspaces, which complies with the previous conclusion regarding the magnetizing flux for the same stator slot number (18-slot/pole-pair). This coupling will give rise to a certain degree of unbalance between phases, however, its effect on the torque production, and hence, the system dynamics can still be tolerated.
ii) 24-slot stator:
The winding given in Fig. 3 is rearranged in two equal layers, as shown in Fig. 12 . This slot number is closer to a conventional 28-slot seven-phase stator. Hence, the decomposed sequence inductance matrix will expectedly be much better than the previously presented 18-slot stator case.
The calculated stator leakage flux vector and its sequence components are then given by (22) and (23), as shown at the top of the next page, respectively. 
where 
where l conv.
For this winding layout, the coefficient k mtb is then calculated by (24) , as shown at the top of this page. Clearly, this case is much better than the 18-slot stator in terms of coupling between different subspaces as well as unbalance in the αβ leakage inductance components. The obtained coupling due to the uneven winding distribution is less than 4%, which agrees with the same conclusion made for the five-phase case with an 18-slot stator.
Similar to the five-phase case, the conventional sevenphase stator, having 28 slots with coils chorded by one slot, corresponds to the sequence leakage inductance matrices given by (25) , as shown at the top of this page, and k mtb coefficient is given by (26) , as shown at the top of this page.
By comparing the conventional and the proposed windings, the 24-slot stator has less unbalance in the inductance sequence component; however, it corresponds to a higher contribution of the mutual leakage inductance to the total stator leakage inductance.
3) ELEVEN-PHASE CASE
The 24-slot eleven-phase winding layout shown in Fig. 4 is rearranged in two layers with an equal number of conductors, as shown in Fig. 13 . The calculated stator leakage flux vector and the corresponding sequence vector are given by (27) , as shown at the previous page, and (28) , as shown at the bottom of this page, respectively, while, the coefficient k mtb is given by (29), as shown at the bottom of this page. Although the uneven winding distribution introduces relatively higher 
where coupling terms between subspaces and unbalanced αβ mutual leakage inductances (as indicated by the second inductance matrix given by (28)), the cross-coupling terms for each subspace are still zero. The effect of this coupling will only appear as a small unbalance component between different phase currents, as will be confirmed later through simulations. Also, if l m < l s , which is the typical case for practical values of k mtb , the effect of this unbalance may be insignificant. It is worth noting that a conventional eleven-phase stator having 22-slot/pole pair can only be wound using a single layer winding which corresponds to a zero mutual-leakage inductance (k mtb = 0). To show the effect of a double-layer winding on the inductance matrix of a standard eleven-phase case, the number of slots should necessarily be increased. Hence, the comparison with the symmetrical winding will be discarded.
IV. EFFECT OF LEAKAGE INDUCTANCE MISMATCH ON THE DYNAMIC RESPONSE
Based on the provided analysis in section III, the proposed winding layouts will experience a certain degree of stator impedance mismatch, mainly due to the effect of the mutual component between the slot layers of the stator leakage flux. Nevertheless, it is a well-established fact in multiphase systems that torque production is mainly due to the fundamental subspace only. Therefore, the exploitation of the extra degrees of freedom offered by multiphase systems can ensure rated operating conditions even with some phases open [1] ; the open-phase fault indeed corresponds to a completely asymmetric stator impedance matrix. It was also clear for all previously considered-cases that the αβ leakage inductance terms are approximately equal for both the self-leakage and mutual leakage flux components (except for the eleven-phase case). The cross-coupling terms between the α and β axes are also too small to raise a concern. On the other hand, the mutual coupling with other subspaces will mainly give rise to some distortion in the current waveform (under core saturation), or yields phase current unbalance, similar to the presented study. Nevertheless, when all secondary subspace current components are properly controlled to zero, these parasitic effects will also be nullified. This is indeed a more resilient case than operating the machine under open phase conditions. Needless to say, the stator current asymmetry will inevitably happen in conventional symmetrical winding due to different winding/inverter asymmetries. The literature proved that this problem could simply be solved using current control without affecting the machine dynamic response. This is simply because the required secondary voltage components will generally be orthogonal with the torque producing voltage components.
In order to support the previous claim, a simulation case study using FEA is first introduced under free-running machine starting, with a step input applied voltage, to compare the dynamic response of the proposed winding layouts with the original three-phase winding using the same standard stator frame. This case represents the step response of this electromechanical system. Second, the machine mathematical model under IRFOC based on the calculated inductance matrix is built and used to simulate the dynamic response of different winding layouts using MATLAB /SIMULINK.
A. MACHINE START-UP USING FEA
First, the transient module in JMAG FEA software is used to simulate the startup response of the machine while the rated voltage is applied to the stator. This is carried out for the original 3-phase machine and with the same stator equipped with the proposed 5-, 7-, and 11-phase winding layouts.
The rated voltages for different n-phase windings are given in section III. All cases assume the same total number of turns to ensure a fair comparison. However, the number of stator slots are adjusted based on the employed winding layout. The speed, as well as the torque responses for all cases, are shown in Fig. 14 . Clearly, all stators with a number of phases higher than three have a quicker speed response than the original three-phase case, thanks to the obtained torque gain due to winding factor improvement when multiphase winding layouts are generally engaged [20] . This FE simulation study clearly proves that the proposed winding will correspond to a step dynamic performance even better than the three-phase case, regardless of any possible small stator impedance imbalance. The 24-slot seven-phase stator is slightly better than the 18-slot; the latter experiences a higher stator impedance unbalance yielding to a slightly lower torque producing component.
B. MATHEMATICAL MODELLING AND DYNAMIC SIMULATION
In this subsection, the derived sequence stator leakage inductance matrices in section III are used to build the machine mathematical model given as follows.
The machine sequence voltage equations are given in matrix form as;
where the impedance matrices dimension is n × n, while the sequence vector x n αβ , which may be representing voltage, current, or flux linkage, is defined as
The resistance and conductance matrices are defined as in terms of different subspace parameters as 
The inductance matrices are given by
where, L n ls is the stator self-leakage inductance matrix, L n lm is the stator mutual-leakage inductance matrix, L n lr is the rotor self-leakage inductance matrix, and L n m is the magnetizing inductance matrix, The stator self and mutual leakage inductances are found as given by the derivation given in section III. While the rotor leakage and magnetizing inductance matrices are defined as; l rj is the rotor leakage inductance of subspace j, and
The average torque, T e , expression can be calculated from;
The previous model can be used to simulate the effect of stator leakage inductance mismatch for any phase order n. This is will be done first for the five-phase prototype machine. Then the simulation study is extended to investigate the other phase orders.
In order to obtain the parameters for the five-phase prototype machine, the parameters of different subspaces of the prototype machine are first identified using the technique given in [28] . Based on the estimated machine parameters, different inductance terms are identified to build the required machine model. The main challenge is to separate different stator leakage inductance terms from the lump sum of the stator leakage inductance obtained based on the blocked rotor test. Based on the derivation given in section III.B, the coefficient k mtb given by (14) can be used to separate the leakage inductance terms from the lump sum of the stator leakage inductance obtained based on conventional blocked rotor test.
The machine dynamic response is investigated based on IRFOC for an n-phase machine and given in Fig. 15 [2] . The machine speed and torque responses are obtained while controlling the machine in torque mode under step reference quadrature current component. The reference direct current component is set to 1.2 A (rated magnetizing current component). At 0.5s, the reference quadrature current component is step-increased from zero to 2A then brought back to 0 after 0.2s. Two cases are considered, namely with the xy current components controlled to zero (compensated case) and with the xy voltage components set to zero (uncompensated cases). A pair of PI current controllers are used to regulate each subspace with a total of 4-PI controllers for the five-phase case. All PI gains of the current controllers are selected to be the same for the proposed and the standard five-phase machines.
For the prototype five-phase machine, the simulation results of the conventional and the proposed windings for the compensated and uncompensated cases are shown in Figs. 16 and 17 , respectively. Clearly, the proposed and the conventional five-phase windings give identical dynamic responses. Under the compensated case, the xy current controllers produce small V xy components to ensure zero xy current components and, hence, perfect balanced phase currents are eventually obtained. While, under the uncompensated case, the xy current controllers are disabled while the V xy components are simply set to zero. This will give rise to small xy current components, which yields a small current imbalance, as clear from Fig 17(c) . However, this small unbalance has nothing to do with the machine dynamic response.
The same simulation case has been repeated for the sevenand eleven-phase stators. The conventional and the proposed windings are compared under the same conditions. The controller block diagram given by Fig. 15 is extended to allow for the extra available subspaces. Based on the original prototype five-phase machine, set of parameters have been estimated for the seven-and eleven-phase machines to ensure the same machine power and current ratings, as explained in [23] . The assumptions made in [23] neglect the small differences in machine inductances due to winding layout and stator design; however, these assumptions may seem appropriate to carry out this comparative study. The considered simulation case studies are given for the compensated case only to avoid repetition. The simulation results are given in Figs. 18 and 19 , respectively. Clearly and similar to the five-phase case, the torque and speed curves for the conventional and the proposed winding layouts are quite similar. Since all machines have the same power ratings, the machine accelerating torque and the final steady-state speed will approximately be the same for the same reference dq current components. The current controllers produce small xy voltage components to compensate for the small impedance mismatch ensuring balanced phase currents under all conditions.
To sum up, the small unbalance in stator leakage inductance between phases will only cause a small current unbalance. This current unbalance can easily be eliminated through current control. Nevertheless, it neither has an effect on the torque production nor on the machine dynamic response.
V. EXPERIMENTAL VALIDATION
In this section, the five-phase prototype machine employed in this study is used to verify the machine model introduced in section VI based on the calculated inductance matrices given in section III. The machine is coupled to a dc generator for mechanical loading. A five-phase inverter controlled using sinusoidal pulse width modulation is used to feed the induction motor. The block diagram of the experimental setup is shown in Fig. 20 , while the prototype five-phase induction motor and the power converter are shown in Fig. 21 . The machine is controlled using the IRFOC shown in Fig. 15 under speed mode, which is implemented using a Digital Signal Processor (DSP) board eZdspTM based on the Texas Instruments F28335 DSP. The current components of the secondary subspace i dq3 are controlled to zero. While the reference direct component is set to 1.2 A. The machine reference speed is firstly set to 500 rpm while accelerated mechanically unloaded. The reference speed is then step-increased to 1000 rpm. The full load torque is then applied by loading the dc generator using a resistive load.
The simulated dynamic response for this case is shown in Fig. 22 . While the comparison between the experimental and the simulation results based on the proposed mathematical model is shown in Fig. 23 . Clearly, the conventional IRFOC can successfully eliminate the induced secondary current components caused by the small unbalance in the stator impedance of different phases. Besides, this unbalance has nothing to do with the machine dynamic response, which seems quite similar to the response of a conventional VOLUME 7, 2019 symmetrical five-phase machine, as supported by the simulation study given in section IV.
VI. CONCLUSION
This paper investigates the possible slot/pole combinations of standard three-phase stator frames used to construct a multiphase machine of prime-phase order. For a given phase order, some slot/pole combinations have mathematically proven to be optimal in their ability to minimize the stator current unbalance due to the small mismatch in the stator leakage inductance of different phases due to the effect of mutual leakage in a multilayer winding. As a general conclusion, the optimal slot/pole is the one which is close to the slot/pole combination employed for standard n -phase symmetrical winding. It has also been mathematically proven that the small mismatch in stator leakage inductance between phases has nothing to do with the machine dynamic response.
Hence, conventional VSD based controllers can successfully be employed. This has been proven by calculating the stator leakage inductance matrices then decomposing them using conventional VSD employed in a symmetrical n -phase winding. The results showed a neglected cross-coupling between different subspaces, especially for optimal slot/pole combinations. This small cross-coupling may, however, yield induced secondary current components due to this impedance mismatch. Nevertheless, these secondary current components can easily be compensated through current control. The mathematical modeling of the proposed winding layouts was also given and verified experimentally using a prototype five-phase machine.
